The three-dimensional evolution of an East Asian dust storm during 23-26 April 2009 was investigated by utilizing a regional air quality model system (RAQMS) and satellite measurements. This severe dust storm hit Mt. Tai in east China with daily mean PM 10 concentration reaching 1400 g/m 3 and the model captured the PM 10 variation reasonably well. Modeled spatial distributions of AOD and vertical profiles of aerosol extinction coefficient during the dust storm were compared with MODIS and CALIPSO data, demonstrating that RAQMS was able to reproduce the 3D structure and the evolution of the dust storm reasonably well. During early days of the dust storm, daily mean dust-induced AOD exceeded 2.0 over dust source regions (the Gobi desert and the Taklamakan desert) and was in a range of 1.2-1.8 over the North China Plain, accounting for about 98% and up to 90% of total AOD over corresponding areas, respectively. The top of the dust storm reached about 8 km over east China, with high dust concentration locating at around 40 ∘ N. Dust aerosol below 2 km was transported southeastward off the Gobi desert while dust above 2 km was transported out of China along 40 ∘ -45 ∘ N.
Introduction
Dust aerosol is one of the most important aerosol components because it is a major contributor to global atmospheric aerosol loading and optical thickness. Recent estimates of its global source strength range from 1000 to 5000 Mt/year with highly varied spatial-temporal distribution [1] . When surface wind speeds are strong enough, dust particles are injected into the atmosphere from source regions and then subjected to long-range transport [2] [3] [4] [5] [6] , degrading air quality and even disturbing regional climate. For example, Huang et al. found that dust aerosol can heat the air over Taklamakan desert by a maximum of 5 K/day in summertime [7] ; Lau et al. found that dust can be a cause of East Asian monsoon anomaly [8] .
East Asia is one of the major dust source regions in the world. There are two major sources, namely, the Taklamakan desert in west China and the Gobi desert across south Mongolia and north China. Dust storms are most active in springtime [3, 4] . Severe dust storms not only exert significant impacts on East Asia itself but also can reach as far as the west coast of North America [9] . Several methods have been used to understand the evolution and the impact of East Asian dust storm on atmospheric environment and climate. In situ sampling (e.g., [4, 10] ) and remote sensing by ground-based lidar (e.g., [11] ) and by satellite (e.g., [9] ) are primary methods in understanding sources, optical properties, compositions, and spatial distributions of dust storm. Since 2006, a new instrument, the space-based two-wavelength, polarizationsensitive backscatter lidar, the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) on board the CloudAerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) satellite began to provide continuous global measurements of aerosol vertical distribution with high spatial resolution [12] . This instrument provides a top-down view to investigate the vertical structure of aerosols including dust. Based on CALIPSO measurements, some studies have investigated vertical characteristics and spatial-temporal variation of dust storms (e.g., [13, 14] ). Numerical model is another important scientific tool in understanding dust related problems because it is able to represent and interpret the complex processes and mechanisms of dust evolution. A number of dust models have been established and applied 2 Advances in Meteorology to investigate dust's generation, long-range transport, climate effects, and perturbation to atmospheric chemistry in East Asia (e.g., [5, 6, [15] [16] [17] ).
In this paper, we studied the three-dimensional structure and evolution of dust storm over East Asia in April 2009 by utilizing a regional air quality model system (RAQMS), mainly focusing on the dust storm period during 23-26 April. In situ observations at the summit of the Mt. Tai (locating in east China), satellite retrievals of aerosol optical depth (AOD), and space-based lidar measurements are collected and used to verify model simulations and investigate the transport process of the dust storm. Spatial distributions of dust aerosol and dust-induced AOD, as well as vertical distribution of dust extinction coefficient during the dust storm period, were further discussed.
Model Description
The regional air quality model system (RAQMS) is a three-dimensional Eulerian model constructed on a terrainfollowing spherical coordinate system. The model contains a series of key processes related to atmospheric pollutants including emission, advection, diffusion, multiphase chemistry, dry deposition, and wet scavenge [6, 17] . The SAPRC99 (Statewide Air Pollution Research Center) mechanism proposed by Carter [18] was applied to account for gas phase chemistry. The ISORROPIA II model had been embedded into RAQMS to represent the thermodynamic equilibrium processes among inorganic aerosols [19] . A bulk yield scheme was used to deal with the formation of secondary organic aerosol (SOA) [20] . Heterogeneous reactions between dust aerosol and gases had also been considered [21] . Inorganic and carbonaceous aerosols were assumed to fit the lognormal distribution and settle in fine mode. Soil dust and sea salt aerosols were represented by a sized-segregated submodule including key processes for dust and sea salt such as generation, dry deposition, and wet scavenging, in which dust was divided into 10 size bins ranging from 0.43 m to 42 m and sea salt was divided into 8 size bins ranging from 0.43 m to 17.5 m [6] . Dry deposition of gaseous species was parameterized based on the method of Walmsley and Wesely [22] except gas phase sulfate whose dry deposition velocities was calculated by the approach of Walcek et al. [23] . Dry deposition velocities of aerosols were calculated as the inverse of total resistances plus the gravitational settling term [6] . The subgrid cloud mixing, scavenging of gas species, and aqueous chemistry were similar to those used in the second-generation regional acid deposition model [24] . Below-cloud scavenging of aerosols between cloud base and ground surface was parameterized based on an expression of scavenging rate that is a function of precipitation rate and collision efficiency of particle by hydrometeor [6] . Inorganic aerosols were treated as internally mixed, whereas black carbon, organic carbon, dust, and sea salt were treated as externally mixed with inorganic components. The kappa parameterization [25] was adopted to account for the hygroscopic growth of aerosol diameter. Aerosol optical properties such as extinction, single scattering albedo, and asymmetry factor were calculated by a Mie-theory-based method [26] . The RAQMS model had already been facilitated in a number of studies concerning regional environmental problems in East Asia such as tropospheric ozone, acid deposition, and dust storm [6, 17, 27] . In this work the RAQMS was facilitated with a horizontal resolution of 0. Monthly varied anthropogenic emission inventories for CO (carbon monoxide), NO x (nitrogen oxides), SO 2 (sulfur dioxide), BC (black carbon), POC (primary organic carbon), NMVOCs (non-methane volatile organic compounds), and primary particulate matters (emitted from industry, construction, exposed surface, etc.) were obtained from MEIC (Multi-resolution Emission Inventory for China) model provided by Tsinghua University (http://meicmodel.org) for China and from US NASA's (National Aeronautics and Space Administration) INTEX-B (Intercontinental Chemical Transport Experiment-Phase B) project [28] for the rest of the domain. The MEIC inventory was used to represent emission condition in 2009, and the INTEX-B inventory was based on the year 2006. Monthly biomass burning emissions were obtained from the Global Fire Emission Database version 3.1 based on the year 2009 [29] .
The nonhydrostatic, fifth-generation mesoscale model (MM5) was applied to provide meteorological fields of wind, temperature, humidity, and other parameters to drive RAQMS. Four-dimensional data assimilation (FDDA) technique was used when running MM5 to enhance the simulation accuracy of key meteorological parameters. NCEP (National Centers for Environmental Prediction) reanalysis data with temporal resolution of 6 hours and spatial resolution of 1 ∘ × 1 ∘ were used to provide initial and boundary conditions of MM5. Figure 1 ) in east China. On 24 April an intensive dust storm arrived in Mt. Tai, during which PM 10 sampling time was changed into 3-6 hours. Information of this observation data such as instruments and analytical method was documented in detail in Wang et al. [10] .
Daily AOD data at 550 nm from MODIS (ModerateResolution Imaging Spectroradiometer) on board Aqua satellite was collected. Two AOD products, namely, the Level-3 MODIS "Land and Ocean" AOD product and the Level-3 "Deep Blue Land only" AOD product, were used for model validation during the dust storm period. The "Land and Ocean" product can provide retrievals on areas out of the dust source regions including ocean and east/south China, but it cannot provide sufficient retrievals over desert areas. The "Deep Blue Land only" product, however, can provide retrievals over the entire continent including desert areas theoretically, but this product does not provide any retrieval over ocean. Using these two products at the same time can obtain as much AOD information about this dust storm as possible. Both products are in the resolution of 1 ∘ × 1 ∘ . The retrieval time of MODIS on board Aqua is around 13 : 30 (Local Standard Time). The MODIS instrument is also on board another satellite Terra; however, during this dust storm period, data quality of retrievals from MODIS-Terra was too low to be used, so MODIS-Terra data were not used in this work.
Vertical distributions of aerosol and cloud information were measured by the space-based lidar CALIOP on board the CALIPSO satellite [12] . The CALIOP Level 2 aerosol profile products (ver. 3.01) containing aerosol profile extinction coefficient at 532 nm were obtained and used in this study to verify modeled aerosol extinction coefficient profiles. The horizontal resolution of the CALIOP Level 2 aerosol profile product is 5 km and the vertical resolution is 60 m. The lidar signal inversion is started from around 30 km down to the ground surface. Atmospheric Volume Description (AVD) flag and Cloud-Aerosol Discrimination (CAD) score that were contained in the Level 2 product were used to screen out aerosol extinction coefficient profiles containing cloud signals by the method described in the user's guide webpage (http://www-calipso.larc.nasa.gov/resources/ calipso users guide/tools/index.php). CALIOP measurements are available both at daytime and nighttime. Considering data quality, one profile was selected per day within the model domain on days 23, 24, and 26 and two profiles were used on day 25. 10 Observation at Mt. Tai. Comparison between simulated and observed daily concentrations of PM 10 and inorganic components at Mt. Tai from 27 March to 26 April 2009 are presented in Figure 2 . The model reproduced the magnitude and temporal variation of PM 10 concentration at this site and correctly captured the arrival of the dust storm on 23 April, the peak on 24 April, and its passing after 25 April. The observation revealed that the strength of this dust storm was so strong that daily mean PM 10 concentration reached as high as ∼1400 g/m 3 and the maximum concentration approached ∼1800 g/m 3 (sampling interval of 3 hours). The model captured such characteristics, predicting daily PM 10 to be ∼1600 g/m 3 . During the observation period, mean PM 10 concentrations from observation and simulation were 201 g/m 3 and 200 g/m 3 , respectively, with correlation coefficient of 0.92. For sulfate, nitrate, and ammonium, the model generally reproduced the temporal variations but tended to underpredict their daily concentrations, which could be attributed to the relatively coarse model resolution that cannot distinguish their emission gradients between urban and mountain areas. Besides, the chemical mechanism of nitrate is too complex and cannot be well treated in atmospheric chemistry models, which is also a reason resulting in the relatively poor performance for nitrate. For instance, heterogeneous reactions between gaseous precursors (HNO 3 , N 2 O 5 , NO 2 , etc.) and atmospheric aerosols (dust and other aerosol types) [21] and the impact of HONO chemical mechanism [30] are not well understood nowadays. It should be mentioned that nitrate and nitrogen oxides are also often poorly predicted in present chemical transport models [27, 31] . During the sampling period, mean observed concentrations of sulfate, nitrate, and ammonium were 16. Figure 3 shows daily AOD retrievals from MODIS on board the Aqua satellite and model results. Simulated AOD was sampled according to corresponding MODIS retrievals. From Deep Blue MODIS retrieval (Figure 3(c) ), the dust storm occurred on 23 April over the Gobi desert; as a result, AOD over the Gobi desert was about 2.0-3.2. Meanwhile, large amount of dust was also generated over the Taklamakan desert, resulting in maximum AOD of approaching 4.0. The model correctly reproduced locations of high AOD centers over these deserts but with some overprediction (Figure 3(d) ). Dust aerosol was nearly the only contributor to total AOD over dust source regions, with percentage contribution of up to 98% over the two deserts estimated by the model (shown in Obs.
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Sim. 3.6; meanwhile, both retrievals and simulations showed that AOD over the Taklamakan desert was in a range of 1.0-4.0. The contribution of dust to total AOD still remained at a high level. The model estimation of the percentage contribution of dust was up to 90% over most areas of the North China Plain and >90% over the Taklamakan desert. The body of the dust storm moved further southward on 25 April but with weaker strength. MODIS retrieval indicated that on 25 April, high AOD appeared over south China (areas south of the middle and lower reaches of the Yangtze River) with values of about 1.2-2.0 (Figure 3(a) ). The model reproduced the magnitude and the distribution pattern of AOD over these areas (Figure 3(b) ). However, the model slightly underpredicted AOD over the Taklamakan desert and parts of the North China Plain (Figures 3(c) and 3(d) ). On this day, the contribution of dust to total AOD became smaller over east China, the estimated percentages ranged from 40% to 60% over high AOD areas on south China. It should be noticed that there was a branch of dust over northeast China which was not depicted as clear as the main body of the dust storm in satellite figures due to the relatively smaller AOD values and insufficient valid retrieval data there, and the model reproduced this branch.
This dust storm almost finished on 26 April. Both MODIS (Figure 3(a) ) and RAQMS (Figure 3(b) ) indicated that high AOD mainly appeared over south China, with values decreased to a range of 0.8-1.6, and dust accounted for only about 40% of total AOD over large portions of these areas. The model underpredicted AOD over the Taklamakan desert on this day (Figures 3(c) and 3(d) ). 
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Comparison with CALIOP Products.
The orbit of the CALIPSO satellite that approximately crossed the body of the dust storm was selected for each day (see Figures 3(a) and  3(c) ) to depict the vertical evolution of the dust transport. Figure 4 presents profiles of aerosol subtype information (left column) and aerosol extinction coefficient at 532 nm from CALIOP measurements (middle column) and simulated vertical distributions of aerosol extinction coefficient at 550 nm (right column). As this study mainly focuses on dust aerosol, fractional contributions of dust to total aerosol extinction estimated by the model were also displayed. The main body of a dust plume was assumed to have the fractional value of greater than 0.7 in this study.
On 23 April when the dust storm occurred in the Gobi desert, the CALIPSO satellite flew across this dust source region. Along this orbit (Figure 4(a) ), a pure dust plume was detected by CALIOP in the range of about 37 ∘ N to 45 ∘ N and between altitudes of about 1 km to 8 km (left column in Figure 4(a) ). The corresponding distribution of measured aerosol extinction coefficient (middle column in Figure 4 Figure 4 (a) was the vertical distribution of simulated aerosol extinction coefficients and fractional contributions of dust to total aerosol extinction coefficient greater than 0.7. It is found that the model reasonably reflected the span (37 ∘ -45 ∘ N) and the elevation (from surface to about 7 km) of the dust plume, reproducing the largest aerosol extinction coefficient center at around 40 ∘ N within 3 km, but the model seemed to underestimate measurements. It should be noted that the CALIOP retrieved aerosol extinction coefficients ≥1.0 km −1 (in red color in the middle column of Figure 4 ) are of higher uncertainties that it can be used to reflect dust plume qualitatively rather than quantitatively.
On the midnight of 24 April (UTC time, the afternoon of 23 April), the CALIPSO satellite crossed the North China Plain which was affected by the main body of the dust storm (see Figure 3) . Aerosols classified as pure dust by CALIOP located between 35 ∘ N and 40 ∘ N and stretched from surface to about 10 km (left column in Figure 4(b) ). Measured aerosol extinction coefficients ≥1.0 km −1 were found to stretch from surface to about 3 km within the latitude ban of 35 ∘ -40 ∘ N, but the values decreased sharply to about 0.1 km −1 above 4 km, indicating that most dust aerosols were restricted within this altitude (middle column in Figure 4(b) ). The model reasonably simulated the location (35 ∘ N to about 42 ∘ N) and the vertical extension (from surface to 8 km) of the dust plume but overestimated the total aerosol extinction coefficient above 4 km (right column in Figure 4(b) ).
The presented CALIOP aerosol profiles on the midnight of 25 April (Figure 4(c) ) belong to an orbit path crossing the tail-end of the dust storm ( Figure 3 Figure 4 (c)); however, although the model simulated the largest contribution of dust to total aerosol extinction coefficient at 2-3 km (fractional value of ≥0.9), it underestimated the intensity of this high aerosol extinction coefficient center revealed by CALIOP. CALIOP retrievals and simulations along another orbit path crossing the west Pacific Ocean at noon of 25 April (see Figures 3(a) and 3(c) ) are shown in Figure 4(d) . The main body of the dust storm was found at about 35 ∘ -40 ∘ N around 2-4 km (left and middle columns in Figure 4(d) ). The model reasonably reproduced the main features of the dust plume (right column in Figure 4(d) ). Both CALIOP measurement and simulation indicated that there was dust plume transported out of the continent between latitudes of about 35 ∘ -40 ∘ N at altitude of 2-4 km on 25 April. The analysis of MODIS and CALIOP retrievals revealed that the dust storm transported in two directions; one was a southeastward pathway from the Gobi desert to south China; the other one was an eastward pathway from source region to the west Pacific Ocean.
The CALIPSO orbit path also passed over the tail-end of the dust plume on 26 April (see Figures 3(a) and 3(c) ). The detected dust plume could be divided into two major parts, namely, (1) 25 ∘ -30 ∘ N, below 3 km, and (2) 30 ∘ -35 ∘ N, from surface to 10 km (left column in Figure 4 (e)), with aerosol extinction coefficients of about 0.3-1.0 km −1 and about 0.1 km −1 , respectively (middle column in Figure 4 (e)). The corresponding simulated aerosol extinction coefficient was generally consistent with the measurement features of the dust plume, but the model seemed to underestimate the contribution of dust to aerosol extinction coefficient for the 2nd part of the plume below 3 km (right column in Figure 4 (e)). The model also reproduced the dust plume extending vertically from surface to about 8 km in between 35 ∘ and 45 ∘ N (right column), which was classified as "polluted dust" by CALIOP (left column).
The comparisons made in Section 4 demonstrated that RAQMS was able to represent the temporal, horizontal, and vertical evolution of the dust storm during 23 to 26 April, 2009, reasonably well. This supports the reliability of model analysis of dust structure and its evolution process in the following section.
Three-Dimensional Structure of the Dust
Storm and Its Evolution Process Figure 5 (a) presents the daily mean ground-level dust concentration and dust-induced AOD during the dust storm period, and Figure 5 (b) shows the daily mean vertical distribution of dust concentration and dust extinction coefficient for east China (zonal average from 105 ∘ E to 125 ∘ E). At the outbreak of the dust storm (23 April), large amount of dust aerosol was generated on the Gobi desert and the Taklamakan desert, with the maximum daily surface concentration exceeding 8 mg/m 3 over the two source regions. Dust aerosol resulted in maximum daily mean dust-induced 80E  90E 100E 110E 120E 130E 140E   80E  90E 100E 110E 120E 130E 140E   80E  90E 100E 110E 120E 130E 140E   80E  90E 100E 110E 120E 130E 140E   25N   30N   35N   40N   45N 25N  30N  35N  40N  45N  50N   25N  30N  35N  40N  45N  50N   25N  30N  35N  40N  45N  50N   25N  30N  35N  40N  45N  50N   1 ∘ -32 ∘ N, with dust extinction coefficient also weakened to about 0.12-0.16 km −1 . Dust concentration as well as dust extinction coefficient was higher at around 2.5 km (7th layer) then at the surface in between 35 ∘ and 40 ∘ N. The high dust extinction coefficient center over northeast China was found at about 6 km (10th layer), with the maximum value of about 0.04 km −1 . Vertical distribution patterns of dust concentration and dust extinction coefficient for 24 and 25 April reveal that the transport pathway of the dust storm split into two over east China: the low altitude pathway (below 2 km) was in a southeastward direction from the Gobi desert to south China while the high altitude pathway (above 2 km) was in an eastward direction from source region to the west Pacific Ocean along 35 ∘ -40 ∘ N, consistent with comparisons between satellite measurements and simulations in Sections 4.2 and 4.3. Wind directions varied at different altitudes were the reason. On these two days, wind directions at altitudes below 2 km over east China were dominated by north wind, resulting in southward transport of dust aerosols; however, at altitudes above 2 km, the westerly and northwesterly controlled east China; as a result, dust aerosols were conveyed from the Gobi desert to the west Pacific Ocean between 35 4 Gg dust particles were generated over the Gobi desert and the Taklamakan desert. About 50% (1.12 × 10 4 Gg) of emitted dust particles were redeposited onto the ground by dry deposition process. The dry deposition amount of dust was about 5-15 g/m 2 over dust source regions and the amount decreased sharply to less than 0.5 g/m 2 over downwind areas such as south China and the West Pacific Ocean. The removal of dust due to wet scavenging process accounted for about 16% of generated dust particles. Different from dry deposition, wet scavenge mainly occurred over downwind areas such as north China, the middle and lower reaches of the Yangtze River, and the West Pacific Ocean. The amount of wet scavenged dust was estimated to be in the range of about 0.5-10 g/m 2 over these downwind areas. The rest 34% emitted dust was subjected to long-range transport.
Conclusion
The three-dimensional evolution of a dust storm occurring over East Asia from 23 to 26 April 2009 was investigated by using the regional model RAQMS. Major focuses of this study have been placed on model validation and analyses of dust storm evolution. A variety of observational data including in situ ground-level PM 10 and inorganic aerosol observations at Mt. Tai, aerosol optical depth (AOD) retrievals from MODIS, and profile aerosol extinction coefficient and aerosol subtype information from CALIOP were used to evaluate the model performance and investigate the evolution of the dust storm. Comparing with ground-level observations at Mt. Tai, the model well reproduced the magnitude of the dust storm on 23-26 April, predicting maximum daily PM 10 concentration of ∼1600 g/m 3 , close to the observed daily PM 10 concentration peak of ∼1400 g/m 3 . During the whole observation period (27 March-26 April), the mean PM 10 concentrations at Mt. Tai for observation and simulation were 201 g/m 3 and 200 g/m 3 , respectively, with correlation coefficient of 0.92. The model also reasonably reproduced concentration levels of inorganic aerosol components at Mt. Tai. Comparison with MODIS retrievals demonstrated that the model performed well on reproducing the magnitude and the distribution pattern of AOD during the dust storm period, and comparison with CALIOP measurements showed that the model was able to reasonably simulate the vertical distribution of aerosol Advances in Meteorology 11 extinction coefficient. Model validation indicated that the model was capable of reproducing the three-dimensional structure and the evolution of the dust storm, capturing major features of the dust storm reasonably well.
The dust storm was originated from the Gobi desert. During the early days of the dust storm, the ground-level daily dust concentration could be higher than 8 mg/m 3 over dust source regions and 1.0-1.5 mg/m 3 over the North China Plain, resulting in daily mean dust-induced AOD to be as high as 2.0 over desert areas and in a range of 1.2-1.8 over vast areas of the North China Plain. As a result, dust-induced AOD could account for 98% and up to 90% of total AOD over desert areas and parts of north China, respectively, during the first two days of the dust storm. The top of the dust storm could reach as high as about 8 km at the beginning, with high dust concentration (≥1.0 mg/m 3 ) and large dust aerosol extinction coefficient (≥0.2 km −1 ) extending from surface to about 7 km. Vertical distribution of dust concentration also showed that the transport pathway of this dust storm was split into two, dust aerosols at lower altitude (below 2 km) were transported southeastward from the Gobi desert to south China while aerosols at higher altitude (above 2 km) were transported eastward out of China along 35 ∘ -40 ∘ N. During last days of the dust storm, although the ground-level dust concentration, dust-induced AOD, and the altitude of dust top over south China were all decreased obviously, the contribution of dust to total AOD was still approaching 40% over these areas, implying the important implications of the dust storm on radiative forcing in southern parts of China. During this dust storm period (23-26 April, 2009 ), a total of 2.24 × 10 4 Gg dust aerosols were estimated to be generated over East Asia, about 50% and 16% of them were removed by dry deposition and wet scavenging processes, respectively, and 34% of them were subjected to long-range transport.
